Eight catechins reduced the color of a monoglucosyl rutin solution, the gallate-type catechins having a greater effect than the non-gallate-type catechins. Each catechin formed a 1:1 complex with monoglucosyl rutin. The binding constants of the gallate-type catechins were larger than those of the non-gallate type. These results indicate that the degree of color change in the monoglucosyl rutin solution depended on the ability of each catechin to form a complex with monoglucosyl rutin.
Tea is a beverage made from young shoots of the tea plant (Camellia sinensis) and is widely consumed throughout the world. Consumers can select their tea based mainly on such personal preferences, as taste, aroma and infusion color. The infusion color is especially important, because it is visually recognized by a consumer before picking up the tea cup and can influence whether the tea is drunk or not.
The color of a tea infusion is caused by flavonols, one subclass of flavonoids, 1) which are yellow-greenish to yellow in color and are largely responsible for the refreshing color associated with a green tea infusion. 2) On the other hand, flavonoids cause molecular interaction with coexisting compounds in an aqueous solution [3] [4] [5] [6] and are known as a strong copigment of other flavonoids. [7] [8] [9] [10] Catechins, colorless flavonoids, are included in tea leaves and are eluted into the tea infusion in a high concentration, possessing a strong affinity for other compounds, especially aromatic compounds. 11, 12) Based on these properties, catechins can be expected to form complexes with flavonols and cause a color change in the tea infusion. We therefore studied of the color change in an aqueous flavonol solution by adding tea catechins. This report describes the relationship between the hypochromic effect of an aqueous flavonol [monoglucosyl rutin (1) ] solution and the binding ability of eight major tea catechins (Fig. 1) toward the flavonol.
Monoglucosyl rutin (1; Toyo Sugar, Tokyo, Japan) 13) was supplied by Hayashibara Shoji (Okayama, Japan) and purified by preparative HPLC. (À)-Epigallocatechin gallate (3, EGCg) was purified by recrystallizing TeaVigo (DSM Nutrition Japan, Tokyo, Japan) from hot water. All other chemicals were used for the experiments without further purification. A stock solution of each catechin [EGCg (3), (À)-epicatechin gallate (4, ECg), (À)-epigallocatechin (5, EGC), (À)-epicatechin (6, EC), (À)-gallocatechin gallate (7, GCg), (À)-catechin gallate (8, Cg), (À)-gallocatechin (9, GC) and (À)-catechin (10, C)] was added to the stock solution of monoglucosyl rutin (1) to make a working solution of each catechin (0.640 mM) and 1 (0.160 mM). Each solution was buffered at pH 5.8 with 100 mM dimethylglutalic acid/KOH. The absorbance of the mixture between 210 and 700 nm at 299 K, with sampling points every 0.5 nm, was recorded with a 50-Bio spectrophotometer (Varian, CA, USA). Each mixture of 1 and a catechin was blanked against the catechin solution at the corresponding concentration.
In Job plot experiments, 14) stock solutions of 1 and each polyphenol [3, 4, 5, 6, 7, 8, 9 and 10, methyl gallate (11), pyrogallol (12), catechol (13) and 5-methoxyresorcinol (14) ] were mixed in ratios of ½1 0 =ð½1 0 þ ½polyphenol 0 Þ ¼ 0:0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0, where [1] 0 and [polyphenol] 0 respectively represent the initial concentrations of 1 and the polyphenol. Absorption spectra between 210-700 nm at 299 K, with sampling points every 1 nm, were recorded. Sample solutions were blanked by each polyphenol solution. Values for ÁA obs Á ½polyphenol 0 were plotted against the monoglucosyl rutin-mole fraction, ½1 0 =ð½1 0 þ ½polyphenol 0 Þ, where [polyphenol] 0 is the initial concentration of the polyphenol. ÁA obs was calculated by subtracting the absorbance of free 1 from that of the mixture of 1 with a polyphenol at each data point between 420-440 nm, the differences being averaged to give ÁA obs .
Each polyphenol was added at concentrations of 0.000, 0.080, 0.150, 0.280, 0.410, 0.540, 0.670, 0.800, 0.930, 1.09, 1.25, 1.60 and 2.16 mM against a constant concentration of 1 (0.160 mM). The conditions for measuring the absorption spectra were the same as those used for the Job plot. The values of ÁA obs were plotted against the concentration of the polyphenol. A best-fit curve for the plot was calculated by the nonlinear least-squares regression procedure according to Eq. (1) by using KaleidaGraph (Synergy Software) to obtain the binding constant. 15) Equation (1) 
Among over twenty flavonols contained in tea leaves, rutin (2) is one of the most abundant. 16) However, the solubility of 2 in water is extremely low. Accordingly, monoglucosyl rutin (1) was used as the flavonol compound for this study because its higher water solubility and availability was better suited for the experiments and it was structurally similar to 2. The color change in an aqueous solution of 1 by the addition of a catechin solution was first studied. The addition of a catechin to the solution of 1 at a molar ratio 4:1 reduced the absorbance of the solution (Fig. 2) ; the reduction occurred mainly in the visible area (400-460 nm). The absorbance at 425 nm was reduced to 72%, 73%, 94%, and 96% in comparison with that of free 1 by adding EGCg (3), ECg (4), EGC (5) and EC (6), respectively. Furthermore, the absorbance was respectively reduced to 74%, 78%, 92% and 92% by adding GCg (7), Cg (8), GC (9) and C (10). The change in max could not be observed because both 1 and catechins have max in the overlapping UV region. The gallate-type catechins (3, 4, 7 and 8) had a greater effect on the color of the solution of 1. There was no significant difference between the effect of the 2,3-cis-catechins and that of the 2,3-transcatechins.
The relationship between the change in absorption and catechin complexation with 1 was next investigated. NMR or the absorbance titration method is usually used to determine binding constants. However, it was assumed from broadening of the 1 H-NMR signals of 1, that 1 aggregated in an aqueous solution at 1.00 mM, this being practically the minimum concentration used for an NMR titration experiment. In general, a flavonoid easily forms a self-associated complex in an aqueous solution. 4, 5) Therefore, the absorption titration method was used in this present study because it is valid at low concentrations. The self-association of 1 was negligible at 0.160 mM, the concentration at which the titration experiments were carried out in this study, since no absorption shift was apparent in comparison with the absorption spectrum of the 0.016 mM solution.
The titration curves showed that the absorption of monoglucosyl rutin (1) decreased with increasing concentration of a catechin (Fig. 3A and B) . The Job plot reveals that the stoichiometric ratio of the complexes between 1 and the catechins was 1:1 (all curves show a maximum at a 0.5 mole fraction in Fig. 3C and D) . The binding constants for the 1/catechin complexes were calculated by a 1:1 binding analysis, using the titration plots in Fig. 3 (9), and 479 M À1 for C (10) . The binding constant between 1 and EC (6) could not be determined because the absorption change was too small. The gallate-type catechins (3, 4, 7 and 8) had larger binding constants than the non-gallate type (5, 6, 9 and 10). The binding constants of the 2,3-transgallate-type catechins (7 and 8) were larger than those of the 2,3-cis-gallate type (3 and 4) . These results indicate that gallate-type catechins with a large binding constant had a large hypochromic effect on the solution of 1, while the non-gallate type with a small binding constant had only a small hypochromic effect. It was therefore revealed that the degree of color change in the solutions of 1 was closely related to the ease of complexation between 1 and the catechins. Although the 2,3-transgallate-type catechins with a larger binding constant had a smaller hypochromic effect than the 2,3-cis-gallate type, this was probably due to the different molar absorbance coefficients of the complexes.
To elucidate the relationship between the structure of the catechin molecule and its ease of complexation with 1, the binding of 1 with four polyphenols, methyl gallate (11), pyrogallol (12), catechol (13), and 5-methoxyresorcinol (14), was investigated. These compounds respectively correspond to a galloyl group, a B-ring with three hydroxy groups, a B-ring with two hydroxy groups, and an A-ring of catechin molecules. The Job plots revealed the stoichiometric ratio of these complexes to also be 1:1. Methyl gallate (11) reduced the absorption of 1 to a large degree and showed a relatively large binding constant (7128 M À1 with a 25% error). Although pyrogallol (12) and 5-methoxyresorcinol (14) respectively resulted in a slight reduction and increase in absorption, the binding constants were not calculated because of the small absorption changes. In the case of catechol (13) , no change in absorption was apparent. These results indicate that the presence of a galloyl group in the catechin molecule was the most important factor in complexation with monoglucosyl rutin (1) and explain why the binding ability of the gallate-type catechins (3, 4, 7 and 8) was greater than that of the nongallate type (5, 6, 9 and 10).
The molecular interaction involved in the complexation of flavonoids in an aqueous solution is mainly due to vertical stacking caused by -interactions, 4, 5, 8) although horizontal hydrogen bonding had been considered to be significant in early studies. 7, 17) The 2,3-transgallate-type catechins (7 and 8) showed larger binding constants for 1 than the 2,3-cis-gallate-type catechins (3 and 4) had, probably due to the difference in conformation between these catechins. The 2,3-transgallate-type catechins (7 and 8) would mainly exist as a pseudo-equatorial galloyl group/pseudo-equatorial Bring conformer. Therefore, complexes in which 1 is intercalated to the space between the galloyl group and the B-ring would be stabilized by the double - Hypochromic Effect of a Monoglucosyl Rutin Solutioninteractions with the two aromatic rings. In contrast, the 2,3-cis-gallate-type catechins (3 and 4) would exist as a pseudo-axial galloyl group/pseudo-equatorial B-ring conformer or as a pseudo-equatorial galloyl group/ pseudo-axial B-ring conformer, or even both. Therefore, complexes formed from the 2,3-cis-gallate-type catechins (3 and 4) and 1 would not attain a simultaneous stabilizing effect with the galloyl group and the B-ring. In fact, the 2,3-cis-gallate-type catechins (3 and 4) appear to bind with 1 at the only galloyl moiety, because the binding constants of 3 and 4 are almost equal to that of methyl gallate (11).
In conclusion, the color of the aqueous solution of monoglucosyl rutin (1) was reduced by complexation of 1 with tea catechins. This hypochromic effect was prominent when 1 formed complexes with the gallatetype catechins, because 3, 4, 7 and 8 with the galloyl group possessing strong affinity to 1 each had a large binding constant for 1. These findings reveal that the hypochromic effect of an aqueous solution of 1 was dependent on the catechin structure. 
